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TECHNICAL NOTE 3976

RUPTURE STRENGTH OF SEVTWL NICKEL-BASE ALLOYS IN SHEET FORM

By James H. Dance and Francis J. Clauss

suM@RY

An investigation was conducted to determMe the 100-hour rupture
strengths at 1200° and 1350° F of ficonel X, laconel 700, Incoloy 901,
Refractaloy 26, and R-235 sheet alloys in both the annealed and heat-
treated conditions. The strongest alloys at 12CX1°F were Inconel 700 and
bcoloy 901 in the heat-treated coqdition, with strengths of 77,500 and
76,500 psi, respectively. At 1350° F, the strongest alloys were heat-
treated Inconel 700 and R-235 with respective 100-hour strengths of 57,5(X)
end 53,500 ~Si. ficoloy 901 in the annealed condition was the most duc-
tile with an elongation in stress-mpture of 6 to 20 percent. In both the
annealed and heat-treated conditions, the other alloys elongated only
about 1 to 5 percent. Photomicrographs show that fractures occur pre-
dominantly h the grain boundaries. The strengths of these alloys sre
compared with published data for other sheet alloys and bar stock.

INTRODUCTION

Current trends ti jet engine design are to increase airflow and gas
temperatures. These result in hi@er stresses end temperatures in tur-
bine blades, which are already operating near the limit of the strength
of current blade a~oys. Cooling the blades to temperatures where the
material is stronger will enable the blades to operate in hotter gas
stresms and withstand the higher stresses imposed by increased flow.

Some of the most promising designs of cooled turbine blades have
shells made from sheet (ref. 1). Air is blown through the blades to
lower the metal temperature to a value where its strength is sufficient.
Designers estimate that sae blades msy require an operating temperature
as low as 1200° F.

Cobalt- and nickel-base “superalloy” sre widely used for conven-
tional cast and forged blades which operate at temperatures of approxi-
mately 1500° F. Many of these alloys end several experimental nickel-
base alloys have recently become available in sheet form and are being
considered for cooled turbine blades. While at present very limited
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published data are available on these nickel-base_sheet alloys at the
lower temperatures, bar stock smd sheet data for higher temperatures ~

suggest @at t~se alloys may be stronger at 1200° F than other sheet
alloys.

Alloys of this general”class are frequently &aker in sheet fomn
than in bar form, and predictions of sh6et strength based oh that of
bar stock are subject to large error. Likewise, extrapolations of sheet
data from high to low temperature are often in error, so that actual *
test results are needed for the sheet alloys at lower temperatures. F

T!hepurposes of this study s.mto determine.~he100-how rupture
strength for several nickel-base sheet alloys at temperatures that might
be reached in cooled turbine blades, nsmely 1200° and 135Q0 F, and to
compare these strengths with those of other oxidation resistant materials
available in sheet form.

The alloys evaluated were: Inconel X, Inconel 700, Incoloy 901,
R-235, smd Refractaloy 26.”’Some data on Mconel X snd Incoloy 901,
which were published very recently, are included ~or comparison.

PFmcmmE

Materials

The alloys were selected on the basis of existing data smd their
availability in sheet fomn. The nominal compositions of the alloys
evaluated, Inconel X, Inconel 700, Incoloy 901, R-235, and Refractaloy
26, are listed in table I. All specimens of each alloy were taken frm
a single heat of material.

The sheet was received in the saneal.edcondition and varied in
thickness from 0.038 to 0.050 inch, depending on the alloy. Since these
alloys =e all precipitation-hardening,their msximum strengths should be
developed by heat-treatment. However, sheet-parts are generally fabri-
cated and used in the annealed condition. This iS because the fabrlca--
tionis most satisfactorily accomplished h the annealed condition smd
the parts are too large to.be heat-treated or became there iS tiger of
warpage from heati-treatmentafter fabrication. ti_the otl+erhana, s~ll
parts such as sheet turbine blades can”be heat-treated after fabrication.
Each alloy was therefore evaluated in stress-rupttie”inboth the annealed
and the solution-treated smd aged conditions. The heat-treatments used
were those recommended by the manufacturer for sheet and are listed in
table II. An smgon atmosphere was used in heat-treatment to minimize
surface qorrosion.
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Specimen
.

The specimen and gripping arrangement me shown in figure 1. The
specimens conformed to the HIM standard sheet metal tensile specimen
for ferrous materials (ref. 2). The gripped ends of the specimens ex-
tended 3 to 4 inches outside the stress-rupture furnaces. Retiforce-
ments were welded to the ends of the 11/16-inch-wide spechens to insure
against failure at the loading pins.

The edges of the test sections were ground to shape and hand fin-
ished with 4/0 emery paper to the tolerances shown in figure 1. The
flat surfaces were those produced by rolltig. All specimens were cut
tith their sxes

Tests were
equipmnt. The
of the l(X)-hour

parallel to the direction of final rolling.

Stress-Rupture Evaluation

run at 1200° and 1350° F in conventional stress-rupture
stresses were selected to permit accurate determination
lives.

Thermocouples were tied with O.010-inch stainless steel wire to
the specimen surface at the center snd ends of the test section. The
center was maintained within +50 F of the test temperature and the ends
withti +@ F of the center. The total elongation in the 2-inch gage
section was detemnined after fracture from the increase in distance be-
tween the shoulders of the reduced section of the specimens. b seversl
Gases, the nature of the fracture made it inrpossible to determine the
elongation.

Metallographic and Hardness Evaluation

Representative hotomicrographs were made of the alloys in the fol-
lowing conditions: 7)1 annealed, (2) heat-treated, snd (3) both condi-
tions after fracture in approximately 1.00hours. Rockwell A- hsrdness
was measured on the same specimens.

RESULTS AND DISCUSSION

Curves of stress plotted against the logarithm of time to rupture
for each alloy are shown in figure 2. Where available, percent elonga-
tion is indicated by the numibersnext to the data points. The 100-hour
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rupture strengths detem.mhed from these curves are listed below and com-
.-

pared in the bar graph in figure 3:

Inconel X

Inconel.700

Incoloy %)1

R-235

Refractaloy 26

100-Hour rupture
strength at 1200° F,

psi

=
72,000 I 77,500

I

73,000 76,300

60,500 I 70,000

62,000 68,000

10&Hoiu? rupture
stren@h at 1350° F,

Annealed

37,000

54,000

43)500

47,000

35,COO

)si
Heat-treated

42,000

57,500

42,500

53,5U0

35,000

. --
-—

lit1200° F, the strengths of all fitiealloys were increased by
heat-treatment, while at 1350° F, the strengths of only Inconel X, In-
conel 700, and”R-235 were increased. The increase in strength is-most
marked for R-235 alloy. Incoloy 901 appears to b+”weaker at 1350° F ●

s.fterheat-treatment, but the loss in strength is slight and may be dug
to the scatter of the data.

.

Incoloy 901 in the smnealed condition elongated from 6 to 20 per-
—

cent, while the other alloys elongated only about 1 to 5 percent.

Photomicrographs snd h@rc?nessvalues for annealed,-~at-treated,
and stress-rupture tested material are shown in figure 4. The hsrdness
of the annealed material was increased both by heat-treatment and by
testing in stress-rupture. All allQys fractured predominantly along the
grain boundaries. Failure was accompanied by more grain separation in
Inconel X snd Incoloy 901 than in the other alloys-. There was also a
pronounced increase in general precipitation within the grains in Inconel _
X after heat-treatment.

The highest values of the 100-hour rupture st~engths from figure 3
are compared in figures 5(a) and (b) with published data for a number of
sheet materials tested at 1200° and 1350° F. The values determtied in
this study and those reported in the literat~e f% lhcgnel X snd Incoloy
901 are in general agreement. The small differences may be due to heat=
to-heat variations ii composition, differences in
procedures, and so forth.

heat-treatment, testing

*

u
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At 1200° F, Incon~ 700, Incoloy 901, and R-235 have higher 100-
. hour rupture strengths than those of any other oxidation resistant sheet

alloys for which data are available, while at 1350° F, Inconel 700 ad
R-235 are far stronger than any others.

ficoloy 901 has the highest iron and lowest chrcmium content and
is the least strategic material of the alloys evaluated.. It suffered
a large loss of strength when the testing temperature was raised from
1200° to 1350° F. However, ficoloy 901 is stron er thsm S-816 and HS-21,

$the best of the cobalt-base sheet alloys at 1350 F. Refractaloy 26 and
Wconel X, which are also much less strategic thau cobalt-base SJ.1OYS,
are about as strong as S-816 snd HS-21 at 1200° and 1350° F.

The 100-hour rupture strengths for heat-treated sheet alloys are
compared h figure 6 tith values published for bar stock. The results
show that although the heat-treatment improves the strength in most
cases, the sheet is weaker than bar stock. Note that the heat-treatments
given sheet and bar stock of the same slloy are not usually the same.
To prevent excessive grain growth, the solution temperatures for sheet
are often limited.

..

CONCLUDING REMARKS

The 100-hour rupture strengbhs of five nickel-base alloys (ticonel
X, ficonel 700, Incoloy 901, R-235, and Refractaloy 26) in sheet form
were determined at 12~0 and 1350° F. The results show that:

1. The best nickel-base sheet alloys have greater 100-hour rupture
strengths at 12@0 and 1350° F than other oxidation resistant sheet
alloys for which data are available.

2. Of the nickel-base alloys studied, Inconel 700 and bcoloy 901
were strongest at 1200° F. The strongest alloys at 1350° F were =conel
700 and R-235.

3. The precipitation-hardening heat-treatments used in this inves-
tigation strengthened all five alloys when tested at 1200° F, while at
1350° F only Ihconel X, bconel 700, and R-235 were strengthened.

4. Nickel-base sheet alloys generally lack the ductility of cobalt-
and iron-base sheet alloys. ticoloy 901, which in the annealed condition
elongated up to 20 percent ti stress-rupture tests, was the most ductile;
the remaining nickel-base alloys elongated only about 1 to 5 percent.

●

5. Stress-rupttie fractures generally occurred in the grain
boundaries.

.
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6. Heat-treatment raises the strength of sheet in most cases, al-
though not to the level of heat-treated bar stock. The recommended
heat-treatments for bsx stock and sheet of the sane alloy, however, are
often not the same.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, January 28, 1957
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TABLE I. - CRRMCCALCCMEOSIT10R6,’F=iWQTfBY UKKIET

Alloy -la c Fe Cr

Inconel X Nominal 0.04 7.0 14.5
Vendor’s 005 6.46 16.15

(heat4893X) .

Incoloy 901 Ikm4nal 2al- ll.c!-
mce 14.0

Verdnr’a I I I

I I 1 1 !

: Refract&y 26 limillml O.as I17.5 18.0
Vendor’a 0.03 16.6 18.4

(heatR-669)

R-235 mminal %.16 9.0- 14.0-
11.o 17.0

%ximum.

m co m ‘M Al Ml 91 ~ s

‘Z3.O 2.5 0.70 0.50
09 2.4e 0.82 0.71 0.40 0.03 0.007

Bal- 24.0- l.& l.-& 2.5_ ‘%.Q al.o %.5 ‘%.o~
ante 34.0 4.5 2.75 3.5

43.48 29.8 3.21 2.19 3.0 0.09 0.I.9 0.02 0.007

40.0- 5.0- 2.0-
45.0 7.0 3.0

K5.L5 5.Ea 2.43 0.15 0.48 0.22 0.02 0.037

37.0. 20.0 3.0 2.8 0.20 0.70 0.80
37.1 20.3 3.m 2.43 0.06 0.83 0.91

66.0 +.5 4.5- 2.25- 1.75- 81.0 al.o
6.5 2.75 2.=

aHtAJJ!a

1.(X3
0.78

l,” “
.*

,, II
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!CAELE II. - FIEAT—mEMMwr8

Material aud vemior Vendor’s enueeling treatment tilution treatment Aging treatment

TiMe, Temp. , CJJOling Time , Temp., Coollng The, Temp., cooling

mln % hr % hr ‘%

:nconel X 20 1950 Water 1/2 1950 Alr 20

(International

Moo Air

Nickel Ca. (ref. 3))

:nconel 700 20 1950 Hater 1/2 1950 Ah 4

(International

lmo Air

Nickel Co. (ref. 3))

ncotiy 901 10 2000 Water 1/2 1950 Alr 2

(International

1400 Air

Nickel Co. (ref. 4))

:-235 15 21.50 Air 1/2 21.50 Air q3 1800 Air

(Haynes Stellite Co.

(ref. 5))

:efraeteloy 26 20 1EX33 Water % 2 18@3 oil 44

(Westin@Ouee

1350 Air

bl

Electric Co. (ref. 6))
1950 oil 4 Mm Air

20 1350 Ah

%%_ te6ts at 1200° F.

bFor teats at 135i3°F.
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[ Alloy T A L

x O.(?io
700 0. Q 3.8

Incolc!r901 ~ 16

I ,~ R-235 .Q.Q= 1 =20

. ●

bfI= ~lo’f 26!c O.(X2 I

“~./-
1

‘..
L. -.,. EdgeB of test eection pwallel to HI.0C6 in.

‘i\

‘..,

/’ Orlp FeiJrPatcmemt RhDw@g weld

.!

@zzE7

Figure 1. - Schmtic diegram of stiese-mpture specimen and leading adqter. (Ml dimensions
In im.?hefi.)
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(a) Insonel X, 0.040 Inch thick,

Figure 2. - 13tress-rupturelife of nickel-base sheet alloys at 1203°
and 135@ F.
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(b) Inconel 700, 0.047 inch thick.

Fi~ 2. - Continued. Stress-rupture Life of nickel-bme sheet alloys at 1200°
and 135@ F .

. . . . .
Ii, l,
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(c) Iuco1.oy901, 0.050 inch thick.

FiWR 2. - Continued. %refis-ruptwe life of nickel-base sheet alloys at MOW and

13500 F .
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(d) Refractaloy 26, 0.042 inch thick.

FY.gure2. - continued. Stress-rupture life of nickel-hue sheet alloys at 1200° and I-55& F.

,, . . .
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(e) R-235, 0.038 inch thick.

Figure 2. - Concloded. Stress-rupture life of nickel-base
sheet alloys at 12@ and L3500 F.
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Refractaloy 26 .. I

Inconel X (

Incoloy 901 {

R-235 1

Inconel 700 ,..
, I

Condition

Annealed
Heat-treated

IInconel x 1

R-235 I

\Refractaloy 26 I

Inconel 700 I

Incoloy 901 I I

.

.

0 10 20-” ~(y 40
>.$O -- Go -- 7(-J

80 xio~
Stre08 to rupture in 100 hr, PsI..

(b) 1200°F.

Figure 3. - Comparison of 100-hour rupture s%rengths of nickel-base sheet alloy8 ‘“‘-
at 1200° and 1350° F. .
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Annealed

A–..- 1., . .- - .

-

,

Hardneas, Rockwell A-47

.

.0

J
. . w

. . —--:
,. .4-.-.--——— ..:. .___ L- .-—... ..

Before
te8t

Stress-
rupture
tested at
1200° F

Heat-treated

——.._.T---.,t-. ,

-—

.,.
.,.-.:—--:~-..-— .
--- ...... ...-= ---- . . --’.,-. ---

Hardness, Rockwell A-67

...-. -.
.. .

●

Fractured after 119.4 hours; hardness, Fraotured after 50.4 hours: hardneas,
Rockwell A-69 ROCkWdl A-69

Stresa-
rupture
tested at
13500 F -–– . ...+—. .. . . .-

r!s
/ -z--

A,
.

i

..*.....
..*\

-“\. ,:f----.--=-.

..

k:- ,
-.. ”

Y.-“ ‘k-‘“

Fractured after 104.5 hours; hardne~a, Fractured after 84.9 hours; hardness,
Rockwell A-68 Rockwell A-68

C-44048

(a) Inconel X. EtChant, 50 parta water, 40 parl% hydrochloric acid, 10 parta nitric acid.

Figure 4. - Microstnzcturea of nickel-base sheet alloys. Electro~icauy etched; XZ50.
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Annealed

-- e-—%-=--=. ....L L . —
--<.,.-;.=.... ..~..=.,..,..... -.. :-—. = -.-

,.....—“,— ..—.-

-7-?- =-., -., __
-x

,7..
.,..’... ,——.. — .—_~:~.:.;=–-._ -:..’7

–.#5z*-- -~-&T;- ‘?==— ... .

Etchant, 97 parts hydrochloric acid, 3
parts nitric acid, saturated with cupr
chloride; hardness, Rockwell A-52

.~.b.
,.. , .“>.:’

..
}.:.

.-, . . .. . . ----- ~, . . . . . ..#
-. . . .. .T. . ...-

NAC!ATN 3976

Heat=treated

Before
test

EtchAnt, 97 parts hydrochloric acid, 3
‘ic parts nitric acid, saturated with cupric

chloride; harthess, Rockwell A-58

!!m!r
,,-- ~ -... . . .
.. b . ...- , --”

..*
,. %.............>= .....~__—

Fractured after 51.1 hours; etchant, 50
parts water, 40 parts hydroch~oric acid,
10 parts nitric acid; hardness, Rockwell
A-68

fractured after 197.7hours;e+chank,50
parts water, ““KUparts hydrochloric acid,
U-parts nitr~c acfd;”hardness, lfockwe~-

—
—

A-TO

Fractured after 107.7 hours; etchant, 50 Fractured aftei35.8 hours; etchant, 50 *“
parts water, 40 parts hydrochloric acid, parts water, 40 parts hydrochloric acid,
10 parts nitric acid; hardness, RockWell 10 parts nitric acid; hardness, Rockwell
A-70 A-69

●—

(b) Inconel TUO. “’ — ““ C-44049

Figure 4. - Continued. Microstructure of nickel-base sheet alloys. Electrolytically etched; X250.
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Annealed
.-

>. +.. # .,....-. -=, ,,-, -..
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East-treated

.

..-. . .
....
-., . .

,.. ,

.. . .

Before
test

acid, 3 Etchent, 97 parta hydrochloric acid. 3Etchent, ~ parta hydrochloric
parta nitric acid, saturated with-cupric pBr_ka”IIi&~C aCid< Saturated with’culmic
chloride; hardness, Rockwell A-52

Stress-
rupture
tested at
1200° F

chloride; hardness, Rockwell A-66 -

v w,.”
,,,,,....-”..... .... . . -“
-A_ L-_ +-.. + ..~.. i- -
+.+---- -. - “~ -

‘A

--.,.
—<,

*===--- -++ -- “ L --

W--’---:L:” ~~~--

=’J*c:~,<.

Fractured after 101.0 hours; etchent, 50 Fractured after 123.9 hours; etchent, 50
parts wster, 40 parts hydrochloric acid, parts water, 40 parts hydrochloric acid,
10 parts nitric acid; hardne6s, Rockwell 10 parta nitric acid; herdnesa, Rockwell
A-70 A-70

Stress-
rupture
tested at
1350° F

Fractured after 129.0 hours; etchant, 50 Ekactured after 78.0 hours: etchsnt. 50
parts water, 40
10 parta nitric
A-69

Figure 4. - Continued.

perta hydrochloric acid, parts water, 46 psrta hy~ochlori~ acid,
acid; hardness, Rockwell 10 parts nitric acid; herdneas, Rockwell

A-70

(c) Incoloy 901. C-44047

?licrostmctures of nickel-base sheet alloys. ElectroQ-tically etched; X25CI.
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Ar&ealed -—..-
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Heat-treated .,, ,, ,:J.
,..“

[_.
.. ,

,., ..’.-
.S ..—.

.
----- .

.,.

‘\. .< -j -... ,,:,
. . -------- .. —.-

ru

.-e .-. ~ +;.-.. . - $’+
,.. ,,.,. .%...->..- -..*’- ““ :,r..

.,
. . ‘~--. -

..-,.:
.% ..-,

. .. . ... ;:.<..<; ~.r”’*-.--.’- ,

,. . ...* ,.

.. .. ..,, _..,

Etch.ant,97 parts hydrochloric acid, 3 For service at 12@ For s-ice at 1350°
parts nitric acid, saturated wfth cupric F; etchant, 50 ; F; etchant, 50
chloride; hardnese, Rockwell A-47 parta water, 40 - p&rts water, 40

parts hydrochlor~c @ts bydrochlorlc
acid, 10 parts acid, 10 parts
nitric acid; nitric acid;
hardness, Rock- hardnesti,Rock-
well A-60 well A-60

—

Streas-
rupture
teeted at
12000 1?

Fractured after 100.0 hours; etchant, 50
parts water, 40 parts hydrochloric acid,

Fractured after ~.O hoircs;etchant, 50

10 parts nitric acid; hardriess,Rockwell
A-70

,- , ..A-

pcwks water, 40”parts hydrochloric aci.d~
10 parts fitric acid; liartiness,Rockwell
A-TO

W!mw?:.

.- —- .\ ~ .’,-L- ,%.:.
‘+- ? ‘\

Fractured after 101.0 hours; etchant, 50 Fractured after S00.1 hotis; etchant, 50
parts water, 40 parts hydrochloric aclilj .pGTt@..water,40 parts hydrochloric ~cfd,
10 parts nitric acid; hardness, Rockwell 10 parts nitric acid; hardness, Rockwell.
A-68 A-66. --

(d) Refiactaloy 26. C-44CM6

of nickel-base sheet alloys. Electrolytically etched; X250.Figure 4. - Continued. Microstruc~ur8s
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.

.

.

Annealed

. -.,, .—*. .. . .)

“Stq ‘- -, .J’.-’.-* :--.;.

Hardness, Rockwell A-64

Heat-treated

Hardness, Rockwell A-65

W ,, i::“<,577.
.’ ‘+. “G,-

., .... ““:,$. “:““- p--k

Fractured after 96.8 hours; hardness,
Rockwell A-88

Stress-
rupture
tested at
1350° F

Rractured after 73.4 hours; herdnefis,
Rockwell A-70

Fractured after 216.4 hours; hardness,
Rockwell A-68

Fractured after 82.0 hours; hardness,
Rockwell A-69

C-44045

(e) R-235. Etchant, 50 parts water, 40 parts hydrochloric acid, 10 parts nitric acid.

* Figure 4. - Concluded. Microatructurea of nickel-base sheet alloys. Electrolytically etched; X250.
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Chromium-nickel,auatenltic
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Tinldur (ref. 10) 7//////////////////////~
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(a) 1200°F. “-

Figure 5. - Comper180n of 100-hour rupture strengths of sheet alloye at 1200° and 1350° F.
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Condition

n Annealed
~ Heat-treated

Iron-chromlum-
t nickel -cobalt

Haynes Alloy 99 (ref. 9) [

N-155 (low carbon)(ref. 7)

, , ,

Chromium-nickel, auatenitlc

Tinldur (ref. 10)7///

16-25-6 (ref. 10) I

A-286 (ref. 10)’j//////////~

LMscaloy 24 (ref. 10) [

HS-88 (ref. 10)
, I

Cobalt-base

V-36 (ref. 14)”N///////fl/////~

S-816 (ref. 8)

KS-21 (unpublished data) I , ,

Nickel-base

Hastelloy X (ref. 12) [

Inconel W (ref. 3)y///////’”A

Inconel 702 (ref. 3)z//////////z~

Inconel X (refi 13)v//////////////~

Nickel-base (this report)

I I I I I I 1 I I
o 10 20 30 40 50 60 80x103

Stress to rupture in 100 hr, psi

(b) 1350°F.

Figure 5. - Concluded. Comparison of 100-hour rupture strengths
alloys at 1200° and 1350° F.
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—

Designation Alloy - Reference

A Inconel X 15
B Inconel 70Q

Incoloy 901 :: ““’
; Refractaloy 26
E R-23.5 :

U Sheet, heat-treated
-Bar stock, heat-treated
= Bar stock, annealed

.

●

(a) 120Q0 F. (b) 1350° F. ~

Figure 6. - Comparison of 100-hour rupture strengths of nickel-base alloys In
sheet and bar forms at 1200° and 1350~ F. .
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